We have derived the asymptotic expressions for high-frequency spectral amplitude of acceleration due to unsteadily propagating two-dimensional semi-infinite cracks both in antiplane strain and in plane strain. Property of generalized functions is employed in the derivation, by which mathematical analysis of high-frequency radiation will become rather simple.
Introduction
Analysis of seismic focal process has been extensively made in this decade with the aid of the elasticity theory of dislocations. It has been shown that this theory satisfactorily accounts for the excitation of low-frequency seismic waves, and the low-frequency characteristics of seismic focal processes have been successfully revealed.
Recently interest has been aroused in the mechanism of the generation of highfrequency seismic waves. High-frequency informations are necessary to resolve the fine structure of earthquake rupture process. Those are also required in earth-1 quake engineering to predict strong ground motion in the high-frequency range. High-frequency radiation will be controlled by the sigularities at the edges of the fault. The high-frequency radiation will be, therefore, highly sensitive to the motion of fault edges. In the dislocation approach the relative motion is assumed a priori on the surface of discontinuity, whereas a criterion based on plausible grounds or experimental evidence is used in fracture mechanics to determine whether and how the edges of the fault will extend. Hence fracture mechanics is suitable to investigate the mechanism of high-frequency radiation.
In the present paper we will study the high-frequency radiation from twodimensional fracture models both in plane and antiplane strain. The energyrate balance fracture criterion (FREUND, 1972 ) is assumed as a fracture criterion at the advancing crack tip. We shall consider the radiation due to unsteady propagation of isolated semi-infinite cracks.
The asymptotic expression for the spectral amplitude of acceleration is analytically obtained near the crack surface for high-frequency. It is shown, as MADARIAGA (1977) showed for rather simple crack models, that the abrupt change of crack tip velocity highly contributes to the generation of high-frequency waves. In the present paper we specifically study the near-source geometrical attenuation of high-frequency acceleration. We employ, as a measure of intensity of acceleration, the envelope-amplitude of high-frequency spectral amplitude of acceleration. Its envelope-amplitude will express the average intensity of acceleration during ground motion. MADARIAGA (1977) analysed the wave motions due to sudden start of preexisting two-dimensional semi-infinite cracks both in antiplane strain and in plane strain. He showed that the sudden start of crack efficiently emitts the high-frequency elastic waves, and inferred that the most efficient generation of highfrequency waves would occur when the rupture velocity changes abruptly. Madariaga obtained the expression for high-frequency radiation through the derivation of the expression valid in full frequency range, which is found by means of the Cagniard-de Hoop technique. We directly derive the expression in highfrequency range using the property of generalized functions. In our approach, problems associated with the high-frequency radiation due to various types of propagating cracks, will be more easily analysed. Once the particle velocity is known on the crack surface, high-frequency radiation is easily analyzed in our approach.
Radiation from an Antiplane Strain Semi-Infinite Crack
Although MADARIAGA (1982) derived the expression of radiation from an antiplane strain crack in a very simple form, our method is shown here. Since the analysis of antiplane strain is very simple, its analysis is suitable to show the essence of our method. 2.1 Displacement spectrum as a function of the particle velocity on the crack surface Consider an infinite elastic solid. At time t=0 let a displacement discontinuity occur and then propagate along a straight line, which we shall regard as the x-axis of a Cartesian coordinate system xy. We consider only the perturbation related to the propagation of displacement discontinuity.
Let uz(x, y, t) be the displacement related to this perturbation. The displacement uz is assumed to satisfy the homogeneous initial conditions where Vs is the shear wave velocity. The solution of the system (2.1)-(2.4) is written in the following integral form (DE HOOP, 1958) (2.5) of the relation uz(x, y, t)=-uz(x, -y, t). Let us carry out the Fourier transform on both sides of Eq. (2.5) and obtain the solution in the frequency domain. We shall use the notation and conventions (2.6) (2.8) for large z, so that (2.9.1) (2.9.2) where (2.10) and u0z (x0, t0) is the particle velocity at y=+0.
Thus the problem has been reduced to the asymptotic evaluation of the of a function always contributes to the leading term of the asymptotic expression for its Fourier transform (LIGHTHILL, 1958, pp. 46-57) if the function is regarded as a generalized function. A generalized function g (x) is said to have a finite num-2.2 Particle velocity on the propagating semi-infinite crack As stated in the introduction we adopt fracture mechanics to determine the particle velocity on the crack surface. Suppose that a semi-infinite crack appears at time t=0 in the plane y=0 and x<0, and then propagates. The following boundary conditions are considered: (2.11) drop on the crack surface for x>0, and x=l(t) is a location of the crack tip at time t. The crack tip velocity is assumed to be lower than the shear wave velocity. According to KOSTROV (1966) the particle velocity on the plane y=+0 is obtained in the form (2.12) where is the solution of the equation (2.13) and l is the derivative of l with respect to its argument.
The fundamental parameters to be assumed in fracture mechanics are both (2.14)
where tc is defined as Equation (2.14) shows that the particle velocity at the point (x0, t0) is determined by the motion of crack tip at time tc. Equation (2.15) shows that the information of the motion of crack tip is transmitted backward by the shear wave, as shown by the line with arrows in Fig. 1 . The form of l(t) is determined on the basis of the fracture criterion at the crack to that in the crack tip velocity (e.g., HUSSEINI et al., 1975) . Hence the discontinuity of crack tip velocity is explicitly assumed, which greatly simplifies the analysis. Equations (2.14) and (2.15) suggest that the particle velocity is discontinuous across the shear wave front emitted backward from the point at which the crack tip velocity is discontinuous. This wave front is described as t0=(d-x0)/ Vs+td (x0<d), on the x0t0-plane, if the discontinuity point of crack tip velocity is situated at x0=d and This point is hereafter referred to as Let us investigate the singularity of G(s) when the crack tip velocity is discontinuous at x=d. The integral (2.10) is carried out along the curve t0=s-R/Vs, on the x0t0-plane, in the range where u0z (x0, t0) is non-zero. Figure 2 suggests that td+Rd/Vs, where RR2d=(x-d)(x-d)2+yy2. When s varies near s=sd, the lower limit of the integral (2.10), which is expressed as the x0-coordinate of the intersection point of the integration path with the wave front x0=-Vst0 (x0<0), is differentiable any number of times with respect to s. The particle velocity is also differentiable near the lower limit of the integral for x0>-Vst0.
Hence only the local the formation of singularity of G(s) at s=sd. The difference of G(s), between the cases when the crack tip velocity is discontinuous and continuous at x=d, will be written in the form for s>sd (see where u0z,II is the particle velocity in region II and u0z,R is the particle velocity in the case of no discontinuity in the crack tip velocity. Here and xc are defined as the x0-coordinates of the intersection points of the integration path with the wave front t0=(d-x0)/Vs+td (x0<d) and with the crack tip path, respectively. By xb we denote the x0-coordinate of the intersection point of the integration path with the imaginary crack tip path whose velocity is continuous at x0=d.
It is sufficient to obtain the approximate expressions for u0z,II(x0, t0) and s=sd. First let us investigate the contribution from the start of crack tip propagation. In the present paper the semi-infinite crack is assumed to be suddenly formed at t=+0 in the plane y=0 and x<0 and no crack exists in the initial state. Therefore the stress-drop should have a finite value at x=+0 on the crack surface. On the other hand if the rupture occurs by the extension of preexisting crack, the stress-drop has a square-root singularity just outside the tip of preexisting crack. MADARIAGA (1977) treated the latter case, and showed that the amplitude of displacement spectrum due to sudden start of preexisting crack is proportional which is the same frequency-dependence as that of Eq. (2.24). Since the singularity of stress-drop is lower in our case, the contribution from the start of crack tip propagation is expected to be less important in the high-frequency range. In fact this is easily shown in a similar treatment to the derivation of Eq. (2.22). The singularity of G(s) associated with the start of crack tip propagation is written occurs when the integration path passes the origin on the x0t0-plane. The order of this singularity is lower than that in Eq. (2.22), so that the contribution from the start of crack tip propagation is not important compared with that from the Since the stress-drop discontinuity does not cause the discontinuity in the crack tip velocity (e.g., HUSSEINI et al., 1975) , it is sufficient to assume a constant crack tip velocity. superposition, in the case when the particle velocity at y=+0 has a general form.
They are written in the forms (3.8)
where and u0x(x0,t0) is the particle velocity on the crack surface at time t=t0 and at the position x=x0. Thus the problem is reduced to the asymptotic evaluation of the 3.2 Particle velocity on the propagating semi-infinite crack surface We assume the boundary conditions (3.10) location of advancing crack tip at time t. The initial conditions are assumed to be given by Eq. (3.3). The crack tip velocity is assumed to be lower than the According to the paper of KOSTROV (1975), the particle velocity at y=+0 is obtained in the form In this subsection we derive the singularities of GP(s) and GS(s) caused by the obtain the intersection points of the integration paths, associated with the integrals (3.9), with crack tip paths and wave fronts which form the boundaries between the regions A, B, C, and D (see Fig. 3 ). Upon using the approximation adopted in Eq. assumed. Wave fronts with letters VP, VS, and VR are associated with the compressional, shear and Rayleigh waves, respectively. The particle velocity is discontinuous across each wave front.
k=1 is taken for the intersection point with the imaginary crack tip path whose velocity is continuous at x=d. The situation in the calculation of the singularity seen in Fig. 3 .
Vc<V-1P. Figure 3( and crosses it, GS(s) becomes singular (see Fig. 4 ). This kind of singularity occurs when the inequality is satisfied, where xm is defined as in Fig. 4 .
The x0-coordinates of the intersection points of the curve with the compressional wave front are written as (see and sm is identical to the arrival time of a wave that leaves the discontinuous point as a compressional wave and is then refracted, at the point x=xm, at the critical angle as a shear wave (see Fig. 5 ). Hence it is understood that the singularity of GS(s) illustrated in Fig. 4 is associated with the onset of PS wave guided by the crack surface. The order of the singularity associated with the onset of PS wave is, therefore, lower than that associated with the direct waves, so that the contribution of the onset of PS wave is less important in the high-frequency range.
Geometrical Attenuation of High-Frequency Acceleration
As state in the introduction we employ the high-frequency envelope-amplitude of the spectral amplitude of acceleration as a measure of the intensity of acceleration. Since the ground motion will be much more affected by shear waves, only the contribution of shear waves is considered for plane strain crack. The envelope-amplitude associated with shear waves are, from Eqs. (2.24) It is now shown that high-frequency envelope-amplitude is a suitable measure to estimate the intensity of acceleration. MADARIAGA (1977) obtained the following results for the high-frequency acceleration in the time domain in the analysis of the sudden start of preexisting plane strain crack: The high-frequency (4.4) in the time domain, in our source model having n discontinuities for crack tip velocity, where Bj is a constant independent of time, and tj(s) is the arrival time sum of the intensity of each pulse, so that the envelope-amplitude will express the average intensity of acceleration during the ground motion. The same dependence is obtained in the case of antiplane strain crack, also. MCGUIRE and HANKS (1980) showed the proportional relation between the rms acceleration and the peak acceleration in the investigation of seismic accelerograms. The rms acceleration is related to the average intensity of acceleration. It will be natural to expect some proportional relation between the peak acceleration and the envelope-amplitude of spectral amplitude of acceleration if the effect of anelastic attenuation is not crucial. Fig. 6 . Geometrical attenuation of envelope-amplitude of spectral amplitude of acceleration for antiplane strain crack model. Segment-number is assumed to be six. Numerical parameter in the figure denotes the value of x-coordinate of the 'calculation path' divided by dn for each curve. In the following examples the variance and the mean value are the highest in the cases (a) and (c), respectively.
It is assumed in the numerical calculation that the final crack surface is divided into segments and that the crack tip velocity is constant in each segment. For simplicity each segment is assumed to have the same dimension. The crack tip velocity is assumed to take a random value in each segment. The statistical property of the distribution of crack tip velocities is assumed to be expressed by both mean value and variance.
First let us study the acceleration due to the antiplane strain crack. In Fig.   6 the dependence of geometrical attenuation is investigated on the mean value and the variance of the distribution of crack tip velocities. The envelope-amplitude is calculated along the paths perpendicular to the crack surface. These paths are hereafter referred to as the 'calculation paths'. Figure 6 shows that higher mean value and/or higher variance produce higher acceleration, and that the acceleration is generally higher along the path near the stopping position of crack tip propagation. It is also shown that the attenuation characteristics are heavily dependent on the calculation path when the mean value is low: the envelope-amplitudes take the maximum values on and off the crack surface when the calculation path originates the discontinuous point of crack tip velocity and does not, respectively. When the mean value is considerably high such as shown in Fig. 6(c) , the envelope-amplitude has a tendency to take the maximum value off the crack surface along all calculation paths except near the initiation point of crack tip propagation. Studies of seismic focal processes have revealed that usual earthquake rupture velocity is close to, but lower than the velocity of shear wave (e.g., GELLER, 1976) . Hence the mean value adopted in Fig. 6 (c) will be most reasonable to model earthquake ruptures.
Next the acceleration due to the plane strain crack is studied. Three examples are shown in Fig. 7 , in which the effects of mean value and variance of the distribution of crack tip velocities are investigated. These figures show higher acceleration along the path near the stopping position of crack tip propagation and higher acceleration for higher variance and/or higher mean value, which are the same phenomena as obtained for the antiplane strain crack. Whereas the attenuation curves are very smooth in the case of antiplane strain crack, those are can be attributed to the difference in the azimuthal distribution of high-frequency waves emitted at a discontinuous point in both crack models: see Fig. 6 of MADARIAGA (1977) . It is a notable feature in the plane strain that the y-component is rather large compared with the x-component in the zone very close to the crack surface (see Figs. 7(c) and 9(b)) when the average value of crack tip velocities is high and the segment number is large. The following will be a common phenomenon in both crack models: The increase rate of the envelope-amplitude generally weakens in the source region as the fault surface is approached when the curve is depicted in a log-log graph paper.
Finally the effect of segment number is investigated. Examples are shown in Figs. 8 and 9 . It is seen that as the segment number increases, higher accelera- tion is obtained in both crack models, and the fluctuation of attenuation curve in the source region becomes smaller in the plane strain crack model. However it should be noted that the frequency above which the asymptotic solution is valid will become large as the segment number increases; the asymptotic expression will be valid for a wavelength which is smaller than the size of each segment. Recently seismic accelerograms in the near-source region have been successfully recorded and the data of peak acceleration have been accumulated. These data show, when depicted in a log-log graph paper, that increase rate of peak acceleration weakens, especially in the source region, as the fault surface is approached (e.g., CAMPBELL, 1981; JOYNER and BOORE, 1981) . This is in harmony with the curves in Figs. 6(c), 7(c), 8(b), and 9(b) , in which the mean value of the distribution of crack tip velocities is assumed to be consistent with the observed earthquake rupture velocity. Hence the existence of many abrupt changes of rupture velocity during rupture propagation will explain the observed attenuation curve of peak acceleration.
Discussion and Conclusions
It may be important to note that the asymptotic solutions derived in the presrefer to Sec. 2.1. Therefore the asymptotic solutions are expected to be valid beyond a threshold frequency which will be higher near the crack surface.
In the present paper we studied the high-frequency radiation due to propagating isolated cracks. In this case high-frequency radiation is related to the discontinuity in the crack tip velocity. It is known that the dynamic coalescence of interactive shear cracks can also be a source of high-frequency radiation: MADARIAGA (1982) showed, from an elementary consideration, that spectral amever it will be impossible, even in antiplane strain, to get the analytical formal solution in a simple form for the amplitude of acceleration due to coalescence of interactive shear cracks unless the coalescence velocity is shear-wave velocity. Hence the analysis was restricted to the case of isolated-crack propagation in the present paper. The asymptotic expressions for high-frequency spectral amplitude of acceleration are derived for two-dimensional crack models both in antiplane strain and in plane strain. The following properties are obtained for high-frequency spectral amplitude of acceleration: (a) The high-frequency acceleration is associated with the direct waves emitted from the point at which the crack tip velocity changes abruptly. (b) When the mean value and/or the variance of the distribution of crack tip velocities on the crack surface are higher, the spectral amplitude becomes larger. (c) As more discontinuities exist in the crack tip velocity, larger spectral amplitude is obtained. (d) The spectral amplitude is proportional to the magnitude of stress drop. (e) Near-source geometrical attenuation of the envelopeamplitude of the spectral amplitude of acceleration is in harmony with the observed attenuation of peak acceleration associated with earthquake ruptures. This will suggest that this kind of observed curve is attributed to the abrupt changes of rupture velocity.
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